Summary We compared seasonal changes in maximum diurnal trunk shrinkage (MDS) with seasonal changes in midday stem water potential (Ψ s ) over three years in plum trees grown in differing drip-irrigated regimes. In well-irrigated trees, dayto-day variations in Ψ s and MDS were related to evaporative demand. Reference equations were obtained to predict MDS and Ψ s values for well-irrigated trees as functions of environmental conditions. A decrease in plant water status toward the end of the growing season occurred even in the well-irrigated trees, probably reflecting a reduced volume of soil wetted by the drip irrigation system. Thus, for the prediction of Ψ s , different reference equations are required for the fruit-growth and after-harvest phenological periods. A seasonal change in the relationhip between MDS and Ψ s was observed, which compensated for the decrease in plant water status such that well-irrigated trees had similar MDS values during both the fruitgrowth and after-harvest periods.
Introduction
Plants integrate the effects of both soil water availability and climatic conditions. Because of this integration, there has been increasing interest in the use of plant water status measurements in horticulture, particularly for irrigation scheduling (Jones 2004) . However, because of the coupling between plant water relations and evaporative demand, the response of plant water status to several fluctuating environmental variables is dynamic (Hinckley and Bruckerhoff 1975, Reicosky et al. 1975) . This means that a single measurement of plant water status may be meaningless unless it can be evaluated against a reference value obtained from plants growing without soil water limitations.
Traditionally, leaf water potential, measured with the pressure chamber (Scholander et al. 1965) , or the water potential of bag-covered leaves (Begg and Turner 1970) , named stem water potential (Ψ s ), has been taken as an indicator of water stress in fruit trees (Garnier and Berger 1985, McCutchan and Shackel 1992) . More recently, interest has focused on trunk diameter variation as a water stress indicator, because of the ease with which measurement of this variable can be automated in the field (Goldhamer and Fereres 2001) .
Seasonal variations in trunk diameter depend mainly on growth (Kozloski and Winget 1964) . However, diurnal shrinking and swelling of stem tissues also occur (Kozlowski 1967) , in part because of thermal effects (McCracken and Kozwloski 1965) but mainly because of changes in plant tissue hydration (Simonneau et al. 1993 ). More than 90% of diurnal fluctuations in trunk diameter occur in phloem tissues (Irvine and Grace 1997) , with only slight elastic deformation of xylem, which is probably limited to immature xylem elements (Molz and Klepper 1973) .
During the day, as leaf water potential and, concurrently, xylem water potential become more negative, there is radial diffusion of water from bark tissues into the xylem (Parlange et al. 1975) . During the late afternoon, plant water uptake exceeds water loss by transpiration and there is a recovery in xylem water potential. This leads to a reversal in the radial flow of water from the xylem back to the phloem. Thus, xylem water potential is the driving force for diurnal stem trunk diameter variation (Klepper et al. 1971) ; the magnitude of stem shrinkage being dependent on the elastic modulus (Génard et al. 2001 ) and diffusive water properties of phloem tissues (Parlange et al. 1975) . The magnitude of stem diameter changes may also be affected by differences in osmotic pressure between the bark and the xylem , by the reflection coefficient to solutes (Génard et al. 2001) and by the growth rates of the organs, which may be superimposed on trunk diameter variation (McBurney and Costigan 1984) .
It has been suggested that phloem thickness, which is a function of tree size, can affect absolute trunk shrinkage rates (Molz and Klepper 1973 , Parlange et al. 1975 , Simonneau et al. 1993 , Naor and Cohen 2003 . Huguet (1985) showed that, in a particular tree, absolute trunk shrinkage increased in proportion to the diameter of the branch in which it was measured.
Similarly, Améglio et al. (2001) observed that the magnitude of stem shrinkage in response to freezing temperatures was proportional to stem diameter. However, to the best of our knowledge, there are no studies describing the influence of tree size on the relationship between stem shrinkage and Ψ s . For horticultural studies it is important to determine if tree size affects the relationship between maximum diurnal trunk shrinkage (MDS) and Ψ s and if so, to quantify this influence to allow extrapolation of Ψ s predictions based on MDS to different sized trees. The objectives of this study were to assess the usefulness of MDS as a water stress indicator by: (1) comparing seasonal changes in MDS relative to changes in Ψ s in trees growing in different watering regimes; (2) determining the influence of the aerial environment on MDS and Ψ s in well-irrigated plants; and (3) determining the influence of tree size on the relationship between Ψ s and MDS.
Materials and methods

Experimental plot and climatic conditions
The experiment was performed over three consecutive years (2002) (2003) (2004) in a commercial Japanese plum orchard (Prunus salicina Lindl., 'Black Gold' grafted on 'Mariana GF81' rootstock) at Líria, Valencia, Spain, (40°45′ N, 0°38′ W, 300 m a.s.l.). Some of the results presented for the year 2002 have already been reported (Intrigliolo and Castel 2004) .
The soil was a sandy loam with 32% (w/w) stones and an effective depth of 80 cm. The irrigation water had a mean EC of 1.1 dS m -1 and a mean Cl -concentration of 122 mg l -1 . Trees were planted in 1997 at a spacing of 5 × 3.5 m. At the beginning of the experiment, mean tree leaf area index, percentage of shaded area and trunk circumference were 0.73, 29% and 0.29 m, respectively. Agricultural practices followed were those common for the area, and crop load was targeted at 4 to 5 fruits cm -2 of trunk cross-sectional area. Climatic data were recorded with an automated weather station near the orchard and daily mean air vapor pressure deficit (VPD) and daily reference evapotranspiration (ET o ) were calculated according to Allen et al. (1998) 
Irrigation treatments
The experiment consisted of six treatments and three replicates in a randomized complete block design. Each experimental plot comprised three adjacent rows of eight trees per row, with the two center trees of the central row being measured. Water relations were studied in trees in the following treatments: a control treatment irrigated at 100% of tree evapotranspiration (ET c ) and two or three different deficit irrigation treatments. During 2002 and 2003, there were three deficit irrigation treatments. In two of these treatments, trees were irrigated at 33% of ET c , either during phases II and III of fruit growth (33-I) or during the post-harvest phase (33-II). In the third of these treatments, trees were irrigated at 66% ET c from pit hardening until the end of the season (66-I+II). In 2004, there were two deficit irrigation treatments. In one, trees were irrigated at 65% of ET c during fruit growth and at 50% of ET c during the post-harvest phase (65-I 50-II), in the other, trees were irrigated at a mean of 40% of ET c , only during the post-harvest phase (40-II).
Crop evapotranspiration was estimated as the product of ET o and a crop coefficient (K c ). The reference evapotranspiration was calculated from the Penman-Monteith equation and K c was obtained from Doorenbos and Pruitt (1977) and adjusted for tree size following Fereres and Goldhamer (1990) . Drip irrigation was applied with six emitters per tree, each delivering 3.85 l h -1 , which were located in a double irrigation line parallel to the tree row.
Trunk diameter variations
The diameter of the trunk was measured continuously with linear variable differential transducers (LVDT, Schlumberger Mod. DF-2.5. West Sussex, U.K.) on six representative trees per treatment. A metal frame of Invar was fixed to the main trunk of each tree located about 20 cm from the ground. The LVDT sensors were mounted in the metal frame and attached on the north side of the stem. Before installation, the sensors were individually calibrated with a precision micrometer (Verdtech SA, Barcelona, Spain). The typical output coefficient was about 85 mV mm -1 V -1 . The resolution of trunk diameter measurements including all sources of variation (calibration, nonlinearity, excitation, output voltage recording and thermal changes) was about 10 µm. Measurements were automatically recorded every 30 s with a data logger (Model CR23X, Campbell Scientific, Logan, UT) connected to an AM25T multiplexer, programmed to calculate mean values every 30 min. We calculated the maximum diurnal trunk shrinkage (MDS) as the difference between the maximum diameter, which was reached early in the morning, and the daily minimum, which was normally reached during the afternoon.
Stem water potential
Midday Ψ s was measured with a pressure chamber as described by Turner (1981) on two mature leaves per tree on two trees per treatment, each with an LVDT sensor installed. Mature leaves from the north side of the canopy, close to the trunk, were enclosed in plastic bags covered with aluminum foil for at least 2 h before the measurements, which were carried out between 1200 and 1300 h solar time, about every 10 days from May to October.
Reference equations
Over the 3-year study, data for trees in the well-irrigated control treatment were used to obtain relationships between MDS or Ψ s and mean daily VPD, ET o and air temperature (T air ). Each year, data were collected from the beginning of May, when trees had already developed up to 70% of their total leaf area, to the end of October, before leaf fall. To confirm that trees in the well-irrigated control treatment experienced no major soil water deficit, soil water potential (Ψ soil ) was measured with eight granular matrix sensors per treatment, accord-ing to procedures described by Intrigliolo and Castel (2004) . As an additional precaution to eliminate the effect of plant water deficit, data from days when Ψ soil was lower than -30 kPa (e.g., during September and October of the 2002 season) were omitted when formulating the reference equations.
Influence of trunk size on the relationship between maximum diurnal trunk shrinkage and stem water potential
The effect of tree size on the relationship between MDS and Ψ s was studied in trees in all of the irrigation treatments, excluding the two trees in treatment 33-II in 2003, because their MDS was not measured throughout the entire season. In 2004, four additional trees were selected to increase the range of tree size. The additional trees were fully irrigated as in the control treatment, except in June (before harvest) and in August (after harvest) when water was withheld for 20 days. For each tree, the MDS:Ψ s ratio was obtained for those days when Ψ s was measured. The mean seasonal MDS:Ψ s ratio was then calculated and plotted against trunk diameter (TD) and trunk phloem plus bark thickness (PT). We measured PT at the end of the 2003 and 2004 seasons with a digital hand slide gauge (resolution 0.01 mm) on samples extracted with a core borer from the same location at which the LVDT had previously been installed.
Statistical analysis
Simple linear regression analyses were carried out to explore relationships between variables. Where the relationship appeared to depart from linearity, statistical tests with nonlinear equations were carried out. Nonlinear equations are shown only when they significantly improved the goodness of fit.
Results
Seasonal changes in water stress indicators
At the beginning of each season Ψ s in the control treatment was about -0.5 MPa. It then decreased toward harvest, coinciding with the increase in T air and VPD (Figure 1) . By the end of the 2003 and 2004 seasons, under environmental conditions similar to those at the beginning of the season, Ψ s of the control trees had decreased to about -0.8 and -0.6 MPa, respectively. In 2002, the decrease in Ψ s was more marked and even the control trees experienced some water deficit during the last part of this season, when Ψ soil of the control treatment reached values below -30 kPa (results not shown).
Maximum diurnal trunk shrinkage in the control treatment was 50 to 75 µm at the beginning of the growing season and increased toward harvest. After harvest there was a drop in MDS and, thereafter, values remained stable at 150 to 200 µm (Figure 1C) .
Compared with control trees, trees in the deficit irrigation treatments generally had lower Ψ s values, which were associated with higher MDS values. The Ψ s values were much less variable than the MDS values, with typical coefficients of variation of about 8 and 23%, respectively.
Relationship of water stress indicators with environmental variables
Day-to-day variations in MDS and Ψ s in well-irrigated trees were more closely related to VPD and T air than to ET o (Figures 2 and 3 and Tables 1 and 2 ). However, although MDS correlated better with VPD, Ψ s correlated best with T air (Tables 1  and 2 ). In general, for all environmental variables, the correlations were lower for Ψ s than for MDS.
When data were analyzed separately for the before-harvest and after-harvest phenological phases, a lower Ψ s for a given VPD, T air or ET o was observed after harvest than during fruit growth (Figure 2 ). The intercepts of the relationships of Ψ s with T air , VPD and ET o were all significantly (P < 0.0001) lower after harvest than before harvest, whereas the slopes in all three cases did not differ significantly (P > 0.157).
The relationships between MDS on the one hand, and T air or VPD on the other hand, had higher (P < 0.0001) intercepts after harvest than before harvest, but lower slopes (P < 0.0018 for VPD and P < 0.0001 for T air ) (Figure 3 ). Before harvest, MDS was exponentially related to ET o , although deviations from linearity were more evident on days of high evaporative demand (daily ET o values > 5.5 mm) (Figure 3 ). In contrast, the correlation after harvest was much weaker and the exponential regression did not improve the goodness of fit.
Influence of tree size on the relationship between maximum diurnal trunk shrinkage and stem water potential
When data were pooled over all season and irrigation treatments, MDS was significantly (P < 0.001) related to Ψ s (Figure 4) . However, the relationship between MDS and Ψ s changed during the course of the season, with lower MDS values obtained during the post-harvest period for a given Ψ s (P < 0.001).
The MDS:Ψ s ratio of each tree was negatively related (P < 0.001) to TD ( Figure 5A ), confirming that MDS for a given Ψ s increased with increasing tree size. The MDS:Ψ s ratio was also negatively related (P < 0.001) to PT ( Figure 5B ) because PT increased linearly with increasing trunk diameter (PT = 0.55(TD) -1.22, r 2 = 0.79, P < 0.001).
Discussion
Stem water potential is widely used as a plant water status indicator because of its reliability in reflecting soil water availability to the plant, low variability and relatively good prediction of yield response to water stress (Shackel et al. 1997 , Naor 2000 , but its measurement cannot be easily automated. We explored the possibility of using MDS as a substitute for Ψ s because it can be measured automatically with LVDT sensors. We found that MDS appears to be a reliable water stress indicator for plum trees. During the 3-year study, MDS values of trees in the deficit irrigated treatments were consistently higher than those of trees in well-irrigated plots, in agreement with the treatment effects on Ψ s . However, similar to reports on other fruit tree species Goldhamer 2003, Naor and Cohen 2003) , we found that MDS was more variable than Ψ s . Therefore, more determinations of MDS than of Ψ s are needed to estimate plant water status with similar precision.
There was a good linear relationship between MDS and Ψ s over a wide range of Ψ s values down to -2.0 MPa, particularly during the fruit-growth period (Figure 4 ), which will allow early detection and prevention of water stress when water stress can reduce fruit growth. However, a single measurement of MDS to predict Ψ s across the whole season may lead to an incorrect estimation of plant water status, because the relationship between MDS and Ψ s changed during the growing season (Figure 4 ) (cf. Marsal et al. 2002, Intrigliolo and Castel 2004) . Trunk growth itself affects the relationship between MDS and Ψ s (McBurney and Costigan 1984) , but seasonal changes in trunk growth rates did not account for all of the seasonal changes in the MDS:Ψ s relationship (Marsal at al. 2002, Intrigliolo and Castel 2004) .
Several theoretical models have been developed to predict stem or leaf water potential from MDS and vice versa (Molz and Klepper 1972 , Parlange et al. 1975 , Panterne et al. 1998 ) but none of these models considered possible seasonal changes in the relationship. Recently, Génard et al. (2001) showed that trunk shrinkage was highly sensitive to changes in tissue elastic modulus. Therefore, lower MDS for a given Ψ s after harvest than before harvest may be associated with an increase in the proportion of older, less elastic tissues (Tyree and Jarvis 1982) . However, as pointed out by Panterne et al. (1998) , seasonal changes in the osmolarity of phloem tissues, caused by shifts in whole plant sink-source relations (Kozlowski 1992) , may also influence trunk shrinkage. In Prunus species, the sugar concentration of woody tissues is normally higher after harvest because of the absence of the fruit sink (Loescher et al. 1990, Flore and Layne 1997) . This should lead to a lower osmotic potential in phloem tissues and therefore to a smaller water potential gradient between the xylem and the phloem. Seasonal differences in solute concentration of xylem sap, as reported in sugar maple (Cortes and Sinclair 1985) or poplar (Sauter 1988) , may also affect the water potential gradients between xylem and phloem tissues across the season. Thus, as recent studies suggest (Sevanto et al. 2003 , Daudet et al. 2005 , interpretation of daily stem diameter variations should also consider the role of both the water and the carbon status of the plant. In this context, the presence or absence of fruit has a major effect on carbon and water balances (Grossman and DeJong 1994) and flows (Lang 1990 ) among the different organs of deciduous trees. In well-irrigated trees, Ψ s and particularly MDS, varied with environmental conditions but, similar to findings in almond trees (Fereres and Goldhamer 2003) , both VPD and T air had a greater effect on MDS than on Ψ s (Figures 2 and 3 ). An increase of 1°C or 1 kPa increased MDS by 11 and 106%, respectively, but increased Ψ s by only 6 and 41%. The sensitivity of MDS to environmental conditions makes it difficult to use absolute MDS values for irrigation scheduling. However, the equations reported in Tables 1 and 2 scheduling irrigation based on Ψ s and MDS measurements. Although VPD represented day-to-day variations in MDS slightly better than T air (Table 2) , T air is easier and less costly to measure than VPD. Under our conditions, therefore, T air may be considered the best environmental variable for correcting day-to-day variations in the relationship between Ψ s and MDS. Under similar environmental conditions, lower Ψ s values are expected after harvest than during fruit growth (Table 1) . The lower intercepts obtained in the regressions between Ψ s and the environmental variables for the post-harvest data indicate that there is a decrease in the bulk soil water availability to the plant after harvest. This is probably a result of the reduced volume of soil wetted by the drip irrigation system, which implies that, particularly towards the end of the season, a greater proportion of roots were in the dry soil portion. This finding explains why generally lower Ψ s values are obtained under drip irrigation (Lampinen et al. 2001, Intrigliolo and Castel 2005) than with furrow irrigation (McCutchan and Shackel 1992, Fereres and Goldhamer 2003) . Despite the decrease in plant water status at the end of the season, similar MDS values for a given VPD or T air are expected before and after harvest (Figure 3 ) because of the seasonal change in the relationship between MDS and Ψ s . The relationship between MDS and VPD or T air after harvest had higher intercepts (lower bulk soil water availability) but lower slopes because of the lower slope of the MDS:Ψ s relationship in the post-harvest period.
Daily reference evapotranspiration represented day-to-day variations in MDS as well as VPD, but only during the fruit growth period: during the post-harvest period the relationship between MDS and ET o was weak (Table 2 ). This may be because of seasonal sensitivity of stomata to air VPD. Pretorius and Wand (2003) showed that stomata are more sensitive to the aerial environment and are therefore better at controlling plant water status during the post-harvest period than during fruit growth.
To demonstrate the usefulness of MDS for irrigation scheduling it is important to check for its dependence on tree size. We showed that stem shrinkage, for a given driving force, Ψ s , increases with phloem thickness, the tissue responsible for most of the trunk shrinkage (Molz and Klepper 1973 field scale approach, MDS values for different sized trees may be easily corrected using the relationship between the mean MDS:Ψ s ratio and tree trunk diameter ( Figure 5 ). In the range of trunk diameters evaluated (8 to 13 cm), MDS increased 26 µm per unit increment of TD (cm) and Ψ s (MPa). This represents a relative increase in MDS of 13.3%, which seems reasonable considering that PT increased 15.6% for each 1-cm increase in TD. However, further studies are needed to explore the influence of tree size on trunk shrinkage, particularly in smaller trees. There is evidence that, in apple (Huguet 1985) , peach (Génard et al. 2001 ) and almond (P. Nortes, Universidad Politécnica de Cartegena, Cartegena, Spain, personal communication), phloem thickness increases exponentially in tree diameters less than 7.5 cm, implying a greater effect of tree size on MDS in trees smaller than those we studied. We did not determine if the MDS:Ψ s relationship obtained for plum trees and the influence of tree size on trunk shrinkage can be extrapolated to other tree crops. The use of MDS in irrigation scheduling will also require increased knowledge of the physiological causes of seasonal changes in the MDS:Ψ s ratio. 
